Skin cancer is the most common form of cancer in the United States. The main cause of this cancer is DNA damage induced by the UV component of sunlight. In humans and mice, UV damage is removed by the nucleotide excision repair system. Here, we report that a rate-limiting subunit of excision repair, the xeroderma pigmentosum group A (XPA) protein, and the excision repair rate exhibit daily rhythmicity in mouse skin, with a minimum in the morning and a maximum in the afternoon/evening. In parallel with the rhythmicity of repair rate, we find that mice exposed to UV radiation (UVR) at 4:00 AM display a decreased latency and about a fivefold increased multiplicity of skin cancer (invasive squamous cell carcinoma) than mice exposed to UVR at 4:00 PM. We conclude that time of day of exposure to UVR is a contributing factor to its carcinogenicity in mice, and possibly in humans.
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circadian clock | cryptochrome | sunbathing | tanning salons S kin cancer is the most common form of cancer in the United States. With over 1.3 million new cases each year, it constitutes nearly 40% of all diagnosed cancers (1) . Moreover, because of changes in lifestyle and the environment, the incidence of skin cancer is steadily increasing (2) . The main causative agent of skin cancer is the UV component of sunlight. UV radiation (UVR) produces two major lesions in DNA, the cyclobutane pyrimidine dimer (CPD) and the (6-4) photoproduct [(6-4) PP], both of which are mutagenic and carcinogenic in animal model systems and are thought to be the primary cause of skin cancer in humans (3) (4) (5) (6) (7) .
In mice and humans, nucleotide excision repair is the sole repair system for removing CPDs and (6-4) PPs from DNA. As a consequence, humans with hereditary mutations in excision repair genes suffer from xeroderma pigmentosum, a syndrome characterized by a nearly 5,000-fold increase in skin cancer in sunlight-exposed areas of the afflicted individuals (8) . Excision repair involves photoproduct removal by dual incisions bracketing the lesion, removal of the damage in the form of a 24-to 32-nt-long oligomer, filling in the resulting single-stranded gap, and sealing by ligase (9) . The dual incision is carried out by six excision repair factors: RPA, xeroderma pigmentosum group A (XPA), XPC, TFIIH, XPG, and XPF-ERCC1 (10) . Recently, in a study that analyzed liver and brain tissues from mice, it was found that XPA, a critical protein involved in damage recognition and a rate-limiting factor in excision repair, is controlled by the core molecular circadian clock (11, 12) . As a consequence, excision repair activity exhibited circadian rhythmicity in these organs, increasing during the day to reach a maximum at 4-6:00 PM and decreasing during the night to a minimum at 4-6:00 AM.
Here we analyzed the expression pattern of XPA and excision repair activity in mouse skin. We found that protein and repair activity exhibit a circadian rhythm similar to that found in the liver and brain. To determine whether this rhythmicity affected UV-induced skin cancer development we exposed a group of mice to UVB (280-320 nm) when excision repair activity was at its nadir (4:00 AM) and a second group when excision repair was at its zenith (4:00 PM), and observed skin cancer development in the two groups. We found that animals that were exposed to UVR when excision repair activity was low developed skin cancers at a faster rate and at about fivefold higher frequency compared with mice that were exposed to UVR when excision repair was at its zenith. We conclude that time of day of exposure to UVR is an important determinant in the carcinogenicity of UVR. Furthermore, because the human molecular clock is essentially identical to the mouse clock except for the phase of the output (diurnal versus nocturnal), the susceptibility of humans to UVR-induced skin cancers is likely to exhibit a daily rhythm as well. This daily rhythmicity should be taken into account in making public health recommendations to reduce skin cancer risk from occupational, therapeutic, and recreational/cosmetic exposures to sunlight or other sources of UVR.
Results
Daily Rhythmicity of XPA in Mouse Skin. Previously, we reported that the transcription of the xpa gene and the level of XPA protein exhibited circadian rhythmicity in some mouse tissues such as the brain and the liver but not in others such as testis (11, 12) . This rhythmicity or the lack thereof (in clock mutant mice) was associated with an oscillatory or a constant rate of repair activity as a function of time of day, respectively. To find out whether excision repair in mouse skin changes as a function of time of day, we harvested mouse skin every 4 h over a 1-d period and probed it for XPA protein levels by immunoblotting. We also probed the tissue for cryptochrome 1 (CRY1) protein, as it is known that CRY1 is a primary repressor of clock-controlled genes, and the CRY1 protein levels, as a rule, are antiphase with proteins controlled by the circadian clock (13) (14) (15) . Fig. 1A shows the results of a representative immunoblot. In mice kept under light/dark (LD) 12:12 conditions (12 h light:12 h dark), the XPA level reaches its maximum at zeitgeber (ZT) 10 (ZT 0 is when light is turned on), which corresponds to an early evening hour. The CRY1 repressor is at its minimum when XPA is at its peak, and vice versa, as expected for a relation between a repressor and its target gene product when both the repressor and the target protein have relatively short half-lives because of posttranslational modification and degradation (14) (15) (16) . Fig. 1B shows quantitative analysis of the immunoblot data. These measurements were done in C57BL/6 mice, and they can be directly compared with the previous studies done in C57BL/6 mice on XPA rhythmicity in other tissues.
The C57BL/6 mouse strain is commonly used in circadian research but the majority of UV carcinogenesis studies have been carried out with the SKH-1 hairless mouse strain for practical reasons and because these mice develop squamous cell carcinomas (SCCs) similar to humans (17, 18) . Hence, we decided to do our UV carcinogenesis study with this strain and first we examined the levels of XPA in epidermal keratinocytes, which are the target cells for UVB-induced DNA damage and precursor cells of SCCs. From SKH-1 mice we isolated epidermis that contains primarily keratinocytes to analyze the effect of the circadian clock on XPA expression and also to determine whether the expression level was affected by the UVB dose that we planned to use in the skin carcinogenesis study. The results shown in Fig. 1C and Fig. S1 A and B reveal that CRY1 and XPA expression in SKH-1 mice show the same phases as in C57BL/6 mice with XPA being high at early evening and low at early morning hours and with CRY1 exhibiting an antiphase pattern to XPA. Importantly, neither the XPA nor the CRY1 levels were significantly affected by the UVB dose we used in our carcinogenesis study, indicating that SKH-1 would be an appropriate mouse model for studying the effect of circadian rhythm on UVR carcinogenesis.
XPA levels in the epidermis of SKH-1 mice were also probed by immunohistochemistry (IHC), as shown in Fig. 1D . The data are in agreement with the immunoblot analysis with a statistically significant difference in XPA levels in the SKH-1 epidermis at 5:00 AM (low) and 5:00 PM (high) (Fig. 1D, Right) . The IHC data suggest that not all epidermal cells are XPA positive; presumably this is due in part to the limitation of the IHC technique for quantitative analysis and in part to the presence of cell types with variable XPA expression levels. Taken together, these data indicate that XPA levels are controlled by the circadian clock in the mouse skin and hence the rate of repair of UVR-induced photoproducts may also exhibit a daily rhythmicity.
We also examined whether the circadian clock affected the expression of 8-oxo-guanine DNA glycosylase (OGG-1) because some studies have implicated this oxidative damage in UV carcinogenesis (19) . As is apparent from Fig. 1C , the levels of OGG-1 do not vary at the times corresponding to the zenith and nadir values of CRY1, indicating that this enzyme is not controlled by the circadian clock and therefore should 8-oxo-guanine play a role in UV carcinogenesis, OGG-1 would not contribute to a potential circadian sensitivity.
Daily Rhythmicity of Excision Repair Rate in Mouse Epidermis. To determine the effect of time of day of UV irradiation on the repair rate of UV photoproducts, one group of mice was irradiated at 4:00 AM (XPA nadir) and one group at 4:00 PM (XPA zenith), and the skin was harvested at 0, 1, 2, 4, 6, and 12 h post-UV and epidermal DNA was isolated for measuring photoproduct repair by slot blot (20) . The results are shown in Fig. 2 A and B for (6-4) PPs and in Fig. 2 C and D for CPDs. Several interesting points emerge from these data. First, in agreement with previous reports, the PPs are repaired at a faster rate than the CPDs (21, 22) , in both the 4:00 AM and 4:00 PM groups. Second, and most relevant to the subject of this study, both the (6-4) PPs and the CPDs are repaired at faster rates in the PM group than the AM group, consistent with the level of XPA protein at the time of irradiation in the two groups. Third, the difference between the rate of repair of PM and AM groups is much more striking for the CPDs than the (6-4) PPs, consistent with the notion that a decrease in XPA level has a more profound effect on the rates of repair of the poorly recognized CPDs than the efficiently recognized (6-4) PPs, under conditions in which both types of DNA lesions are competing for the same limiting XPA protein (23) . Finally, whereas the repair of the (6-4) PP appears to exhibit parabolic kinetics typical of a second order reaction, the kinetics of CPD repair appears to be biphasic for both the AM and the PM groups. The PM group exhibits a linear rate for up to about 6 h and then levels off with only about 50% of CPDs repaired. The AM group shows essentially no repair for the first 6 h and then proceeds with a linear rate. The unusual kinetics are consistent with the change in XPA levels as a function of circadian time over the course of the experiment. In the PM group, repair in the first 6 h takes place when the XPA level starts at its maximum and then declines slowly ( Fig. 1 A and B) . This slow decline does not affect the (6-4) PP repair, which is rather rapid but considerably affects the rate of CPD repair 4 h after irradiation when the level of XPA is reduced to a level that cannot sustain CPD repair in the presence of the residual but more efficient (6-4) PP substrate. In the AM group the rate of (6-4) PP repair is predictably slower than the PM group and appears to enter a faster rate after 6 h when the XPA level is significantly elevated. The rate (A) Mice kept under an LD 12:12 cycle were killed at the indicated zeitgeber times (ZT 0 = light on) and the levels of the indicated proteins were determined from whole skin by immunoblotting. Light and dark boxes indicate the light-on and light-off phases, respectively. Note the robust and antiphase oscillations of the XPA and CRY1 proteins. The core clock protein, Clock, as expected (14), does not exhibit rhythmicity. Actin was used as a loading control. ST, subjective time, with light on at 7:00 AM and off at 7:00 PM. (B) Quantitative analysis of XPA and CRY1 oscillation in the mouse skin. Error bars represent means ± SD (n = 2 mice at each time point). (C) XPA expression in the epidermis of SKH-1 hairless mice. The mice were exposed to UVR at ZT 21 (subjective 4:00 AM) or ZT 9 (subjective 4:00 PM) and epidermis was harvested at 0, 1, 2, 4, 6, and 12 h postirradiation and analyzed for expression of the indicated proteins by immunoblotting. Note that XPA and CRY1 exhibit antiphase rhythms, whereas the oxidative base damage repair enzyme 8-oxo-guanine DNA glycosylase (OGG-1), implicated in repair of oxidative base damage caused by UVR, shows no rhythmicity. GAPDH is a loading control. A representative experiment is shown only with 0, 1, and 2 h postirradiation for clarity and both AM and PM samples were run on the same gel. This experiment was repeated twice with two mice at each time point. of CPD repair in the AM group is rather interesting, with essentially no repair in the first 6 h after irradiation and then a linear repair rate presumably because of a combination of two factors: the elimination of a substantial amount of the competing (6-4) PP substrate during this period and circadian elevation in XPA level.
To ascertain that the effect of time of day of UV irradiation on the overall rate of repair was the consequence of circadian control of the XPA level and not due to some unknown environmental factor, we used a clock mutant mouse strain in the repair assay. Cryptochrome is a key component of the molecular clock, and mice and humans have two cryptochrome isoforms, Cry1 and Cry2. Mice mutated in both genes lack circadian rhythmicity (24, 25) , so we used Cry1
Cry2
−/− mice in the C57BL/6 genetic background. The mice were irradiated with UVB at either 4:00 AM or 4:00 PM and the rates of repair of UV photoproducts in the skin were measured.
As seen in Fig. 2 E and F, in this genetic background, where XPA is at a constant and moderately elevated level throughout the day, the repair rates for the AM and the PM groups are similar, whereas C57BL/6 wild-type mice show circadian-dependent excision repair of (6-4) PPs (Fig. S2) , further supporting the conclusion that circadian control of the XPA protein causes the daily rhythmicity of the repair rate of UV photoproducts in the mouse skin, independent of their genetic backgrounds.
Circadian Rhythmicity of DNA Replication in Mouse Epidermis. In addition to DNA damage, cell proliferation is a determining factor in mutagenesis and carcinogenesis (3) (4) (5) (6) (7) . Skin, in addition to the gastrointestinal epithelium and bone marrow, display relatively high levels of cell proliferation. It has been reported that mouse skin has a robust circadian clock (26) . Moreover, cellular proliferation in the skin and gastrointestinal epithelium shows circadian rhythmicity, albeit of low amplitude (27, 28) . We wished to analyze DNA replication in the skin of SKH-1 mice as a function of time of day, and to this end, we injected mice with BrdU (29, 30) at either 4:00 AM or 4:00 PM, harvested various organs 90 min later, isolated DNA, and probed for BrdU incorporation during replication by slot blot. The results are shown in Fig. 3 A and B. In agreement with previous studies using other methods to measure cell proliferation (27) , there is more DNA synthesis in the AM group than the PM group. Of note, the BrdU incorporation appears to be a reliable assay for measuring DNA replication ( Fig. S3 ): When we analyzed intestine and kidney there was much greater BrdU incorporation into the intestinal DNA, which is consistent with the presence of a highly proliferative intestinal epithelium, than into the kidney DNA, which is derived from terminally differentiated cells. Importantly, Fig. 3 C and D shows that BrdU incorporation into skin and intestinal 
DNA does not vary with time of day in Cry1
−/− Cry2 −/− mice, whereas wild-type mice of the same genetic background (C57BL/ 6) show circadian-dependent DNA replication in these tissues (Fig. S4) , which indicates that replication is under the control of the circadian clock. Taken together, the replication and the repair data suggest that there is more DNA replication at a time of the day when DNA repair is not efficient because of the limiting amount of XPA protein. This combination of low repair and high replication is expected to render mice more prone to skin cancer when exposed to UVR in the early morning hours compared with evening hours. We tested this prediction by performing a skin carcinogenesis study.
Effect of Time of Day of UV irradiation on Skin Carcinogenesis. SKH-1 hairless mice maintained under an LD 12:12 lighting schedule were divided into three groups. A control group was not subjected to UVR. The second group (AM group) was irradiated with 353 J/m 2 of UVB at 4:00 AM (3 h before lights on) three times a week for 25 wk. The third group was irradiated similarly to the second group except UVR was given at 4:00 PM (3 h before lights off). The mice were inspected three times a week and the time of first tumor appearance, number of tumors per mouse, and tumor size per mouse were recorded over the 25-wk period. The results are shown in Fig. 4 . Both the AM and the PM groups developed skin tumors, whereas the control mice did not exhibit overt skin lesions over the course of the experiment (Fig.  4 A and B and Fig. S5 ). Importantly, when the tumorigenesis data were plotted in the form of a Kaplan-Meier plot, it was seen that the time to the first tumor in the AM group was significantly shorter than the time to the first tumor in the PM group, with a median latency of 19 wk for the AM group and 21 wk for the PM group (Fig. 4B ). All 29 mice in the AM group developed tumors by week 22, and 25 of 26 mice in the PM group developed tumors by week 25. More strikingly, when the average number of tumors per mouse were plotted, the values were 24 tumors per mouse in the AM group and 12 tumors per mouse for the PM group at the end of the 25-wk observation period (Fig. 4C) . Similarly, the average tumor diameter for the AM group was nearly twice as large as for the PM group (Fig. 4D) .
The data presented in Fig. 4 were derived from the counting of exophytic macroscopic skin tumors, which include papillomas, keratoacanthomas, and SCCs. Because most SCCs are endophytic lesions, we carried out histopathological examination of all endophytic and exophytic skin lesions in the AM and PM groups to find out whether the time of day of UVB exposure affected skin cancer (SCCs) induced in SKH-1 mice. Representative hemotoxylin/eosin-stained sections of tumor tissues from the two groups are shown in Figs. S6, S7, and S8. Quantitative analyses of invasive carcinomas of the two groups is shown in Fig. 5 , and values for all tumors including the "in situ" tumors in the AM and PM groups are summarized in Table S1 . Invasive SCCs were further classified as invading through the basement membrane or through the underlying muscle. About fivefold higher number of invasive tumors were observed in the AM-treated population than in the PMtreated population (t = 0.00015), which is presumably a result of more mutations in the AM group leading to more tumors of all types, including rapidly growing and aggressive tumors. These analyses lead to the conclusion that the same UVB dose is more carcinogenic in SKH-1 mice when given in early morning hours than when it is given in the early evening hours.
Discussion
Our findings are briefly summarized as follows (Fig. 6 ): In mouse skin there is more DNA replication and less repair in the morning and less replication and more repair in the evening. Because UV-induced skin cancers arise from mutagenic replication of epidermal keratinocyte DNA, the same UV dose is more carcinogenic in early morning hours than when given in the early evening hours. We wish to discuss this conclusion within the context of other studies on the connection of the circadian clock to various diseases and the implications of our findings to skin cancer in humans.
Circadian Rhythm and Disease. The circadian clock is known to affect the onset and severity of some common diseases such as asthma and cardiovascular incidents because of the control of some key pathways involved in the pathophysiology of these diseases by the circadian circuitry (15, 31, 32) . As a consequence, recommendations have been made for taking the appropriate preventive and therapeutic measures to prevent the occurrence of or alleviate the severity of the disease state. Here, we show that time of day of UV exposure affects its carcinogenic potential in mice. However, in comparing the circadian rhythm of carcinogenicity of UV to the effect of the clock on other diseases three points must be taken into consideration. First, DNA damage and repair are two of the multiple factors that impact cancer development. Many of the other intra-and intercellular pathways and signaling networks that are affected by the circadian clock contribute to carcinogenesis (16) and they may have contributed to the circadian rhythmicity of the UVB carcinogenesis we have observed. Further studies with repair-deficient and clock mutant animals are needed to deconvolute the relative contributions of the various pathways to the rhythmicity of the carcinogenic effect of UVR. Second, in comparing skin cancer to cardiovascular disease and asthma vis-à-vis their circadian clock connection, an important distinction exists. Cardiovascular incidents (heart attack, angina) and asthma attack reflect the organism's pathophysiology at that particular time of the day, whereas cancer is a multistage process and a long-term endpoint of a specific incident (DNA damage and mutation) that occurred at a particular time of the day. This distinction notwithstanding, the most parsimonious interpretation of our data is that mice exposed to UVR in the early morning hours are more likely to develop skin cancer than those receiving the same dose in the evening hours because of a poor repair rate, and therefore, avoiding sunlight exposure in the morning hours will likely reduce cancer risk. Finally, we wish to comment on the effect of the circadian clock on the skin tumor types in SKH-1 mice. It has been reported that repair-proficient SKH-1 mice exposed to UVB develop squamous cell carcinoma, about 50% of which are associated with p53 mutation (6) . In contrast, xpa −/− SKH-1 mice exposed to UVB (low dose of equal carcinogenicity) developed papillomas and squamous cell carcinomas that were associated more frequently with ras mutation than p53 mutation (33) . Our PM and AM groups could be considered phenocopies of the repair proficient and xpa mutant SKH-1 mice, respectively. However, under our experimental setup we did not detect a differential distribution of the various cancer types in the two groups. Possibly, a more specifically designed radiation protocol may uncover such a difference.
Circadian Rhythm and Human Skin Cancer. A significant goal in undertaking this study was to find out whether the circadian rhythm could be used to advantage to reduce skin cancer incidence in humans. Mice are nocturnal and humans are diurnal animals and, therefore, the core circadian clock and their outputs exhibit opposite phases (13) (14) (15) 31) . On the basis of this well-established fact, we predict that humans will have a higher rate of repair in the morning and would be less prone to the carcinogenic effect of UVR in the morning hours and it might be advisable for humans, to the extent possible, to restrict their occupational, therapeutic, recreational, and cosmetic UVR exposure to the morning hours. We note that this is a deductive conclusion based on our findings in mice reported in this paper and the evidence that humans have a robust circadian clock in their skin, which is antiphase to the mouse clock (34, 35) and with the peak xpa transcript around 7:00 AM (35) . However, we also note that the phase of the circadian rhythm in humans exhibits interindividual variability (different chronotypes) and that recommendations for best times for UVR exposure may have to be tailored to the various chronotypes. Fortunately, noninvasive methods for assigning chronotypes exist (35), and with rare exceptions the phase differences between various chronotypes are not large enough to affect the general fact that humans are diurnal animals and hence most likely have maximum repair capacity in the morning hours. With these considerations, then, we suspect that by restricting UVR exposure to morning hours would reduce the risk of skin cancer in humans. This recommendation, however, must be considered provisional until actual DNA repair rates are measured in the skin of human volunteers.
Materials and Methods
UVB Treatment of Mice. All animal procedures were in accordance with the National Institutes of Health guidelines and were approved by the Institutional Animal Care and Use Committee of the University of North Carolina, Chapel Hill. Male outbred SKH-1 (6 wk old) mice were obtained from Charles River Laboratories. The mice were maintained on an LD 12:12 schedule for 3 wk before UVR treatment. The time of day is expressed in two ways: One is the standard chronobiology terminology where ZT (zeitgeber) = 0 is light on and ZT = 12 is light off for animals under 12 h light:12 h dark cycles. To relate ZT time to time expression in common practice, we also indicate time by AM and PM designation whereby ZT 0 (light on) is taken as 7:00 AM and ZT 12 (light off) is expressed as 7:00 PM. Mice were irradiated in a relatively small chamber (18 inches high, 12 inches deep, and 22 inches long), which was purchased from Plastic Design. The UVB lamp, located at the top of the chamber above the mice, was from UVP; it emits 290-350 nm light with a peak emission at 312 nm. The lid of the mouse cage was removed and the cage was placed into the chamber for irradiation. The UVB dose rate was determined by a UVX radiometer from UVP. For in vivo excision repair and protein expression studies, mice were treated with a single dose of 300 J/m 2 UVB at a rate of 15 J/m 2 /sec. Depilation of C57BL/6 wild-type and cry knockout mice was done 24 h before UV irradiation by anesthetizing with isofluorane and then plucking the hair completely from an area (about 2 cm in diameter) of the dorsal aspect. For tumorigenesis studies, 9-to 10-wk-old SKH-1 mice were treated with 353 J/m 2 UVB at a rate of 15 J/m 2 /sec three times a week for 25 wk. It should be noted that in a preliminary experiment, we determined that this dose did not cause erythema over the course of daily irradiation of control mice (n = 6) for 2 wk. Most of the mice were singly housed and where multiply housed there was no evidence of dorsal wounds caused by fighting. The mice were observed three times a week. Digital calipers were used to measure exophytic tumors ≥1 mm in diameter at weekly intervals. The average tumor area per mouse represents the diameter of the largest tumor borne by each mouse. The time to first tumor Fig. 5 . Quantitative summary of histopathological analysis performed on skin harvested 25 wk after initiation of the experiment. Note that there are significantly more invasive SCC tumors in the AM group than in the PM group of mice (t = 0.00015). The t value for SCC basement membrane invasive is 0.0002, and for SCC muscle invasive it is 0.023. Fig. 6 . Model for the role of the circadian clock in UV-induced skin carcinogenesis. The higher level of DNA replication combined with the nadir of DNA repair capacity in the early morning hours compared with afternoon/ evening renders mice more susceptible to mutation and cancer when exposed to sunlight in the morning. was determined to be the age when the first measurable tumor (≥1 mm) was observed. All mice were killed 25 wk after initiating the UVB treatment and whole dorsal skin including the tumors was harvested and fixed by incubating in 10% neutral buffered formalin for 24 h. IHC Techniques. The fixed skin tissue containing tumors was washed and stored in 80% ethanol at room temperature until processed further. The formalin-preserved tissue was sliced with a scalpel blade and arranged in a cassette containing foam biopsy pads and submitted to the University of North Carolina (UNC) Animal Histopathology Core Facility for processing, embedding, sectioning, and H&E staining. For IHC analysis of XPA protein, mouse skin was collected and formalin fixed, and paraffin-embedded sections were subjected to IHC staining using the antirabbit XPA antibody (lot number IHC-00344-1) from Bethyl Laboratories and the procedure recommended by the vendor. IHC work and analysis for XPA was performed by the Anatomical Pathology Translational Core Lab (APTCL) at UNC Chapel Hill.
Tumor Grading. H&E-stained sections of tumors/lesions were graded in a blinded manner as reported previously (29, 36) . A Nikon Eclipse 80i microscope with Surveyor Mosaic Imaging system at the UNC Neuroscience Confocal and Multi Photon Imaging Facility was used to grade the tumors. Keratoacanthomas appeared as bowl-shaped structures and showed no evidence of stromal invasion. SCCs displayed high heterogeneity in cell morphology, severe anaplastic growth, increased number of mitoses, some apoptotic cells, and increased nuclear-to-cytoplasmic ratio. SCCs were subcategorized on the basis of their penetration into the dermis. SCC in situ remained confined to the epidermis. SCCs were classified as membrane invasive if carcinoma cells invaded the basement membrane and muscle invasive if carcinoma cells invaded the panniculous carnosus of the dermis.
Measurement of CPD and (6-4) PP Repair Rate in Vivo by Slot Blot. In vivo repair of CPD and (6-4) PP was measured as reported previously (20, 22) . Mouse skin was collected at various time points after UVB treatment and immediately flash frozen to an index card and skin patches were stored at −80°C until processing. Epidermis was peeled off from the skin patches using a freezethaw method (37); the skin patch was transferred to a 60°C water bath for 10 s and immediately transferred to ice-cold water for 15 s. Skin was dehydrated by pressing it between paper towels and epidermis was peeled off gently using blunt ended forceps. See SI Materials and Methods for details.
Preparation of Protein Lysates from Mouse Skin. The epidermal layer from the skin of SKH-1 mice was removed as described in the previous section. Recovered epidermis was then placed in ice-cold RIPA buffer (20 mM Tris-HCl pH 7.5, 150 mM NaCl, 1 mM Na 2 EDTA, 1 mM EGTA, 1% Nonidet P-40, and 1% sodium deoxycholate) with fresh protease and phosphatase inhibitor mixture (Roche). Tissue was disrupted using a glass tissue homogenizer with 10-15 strokes on ice and lysates were sonicated for 10 s on ice and centrifuged at 14,000 rpm in a microfuge for 10 min at 4°C, and the clear supernatant was stored at −80°C. For the whole skin protein extract of C57BL/6 mice, tissue was homogenized in liquid nitrogen using a mortar and pestle and then processed the same as the epidermal extract. 
